Shiga toxins produced by enterohemorrhagic Escherichia coli (EHEC) include Shiga toxin 1 (Stx1) as well as Shiga toxin 2 (Stx2). Stx1 is cell associated, whereas Stx2 is localized to the culture supernatant. We have analyzed the secretion of Stx2 by generating histidine-tagged StxB (StxB-H). Although neither StxB1-H nor StxB2-H was secreted in StxB-H-overexpressed EHEC, StxB2-H-overexpressed EHEC showed inhibited Stx2 secretion. On the other hand, StxB1-H-overexpressed EHEC showed no alteration of Stx2 secretion. B-subunit chimeras of Stx1 and Stx2 were used to identify the specific residue of StxB2 that the Stx2 secretory system recognizes. Alteration of the serine 31 residue to an asparagine residue (S31N) in StxB2-H enabled the recovery of Stx2 secretion. On the other hand, alteration of the asparagine 32 residue to a serine residue (N32S) in StxB1-H caused the partial secretion of a point-mutated histidine-tagged B subunit in EHEC. Based on the evidence, it appeared possible that this residue might contain secretion-related information for Stx2 secretion. To investigate this hypothesis, we constructed an isogenic mutant EHEC (Stx1B subunit, N32S) strain and an isogenic mutant EHEC (Stx2B subunit, S31N) strain. Although the mutant Stx2 was cell associated in isogenic mutant EHEC, mutant Stx1 was not extracellular. However, when we used plasmids for the expression of the mutant holotoxins, the overexpressed mutant Stx1 was found in the supernatant fraction, and the overexpressed mutant Stx2 was found in the cell-associated fraction in mutant holotoxin gene-transformed EHEC. These results indicate that the serine 31 residue of the B subunit of Stx2 contains secretion-related information.
Enterohemorrhagic Escherichia coli strains, which are associated with outbreaks of hemorrhagic colitis and hemolyticuremic syndrome (HUS) (13, 15, 17) , synthesize elevated levels of cytotoxins that are related to Shiga toxin, the potent cytotoxin produced by Shigella dysenteriae type 1 strains. These E. coli toxins are known as Stx1 and Stx2. Stx1 is identical to Shiga toxin (33) , and Stx2 is genetically and functionally related to, but immunologically distinct from, Stx1 (22) .
Stx1 and Stx2 consist of one molecule of the A subunit and five molecules of the B subunit and thus form an AB 5 structure (22) . The A subunit is enzymatically active and inhibits protein synthesis in eukaryotic cells (7) , whereas the B subunits bind to receptor molecules of the target cells (2, 22) . The structural genes of the two toxins share 54% amino acid sequence homology (14) . Both toxins bind to the same glycolipid receptor, Gb 3 , and inhibit protein synthesis by the same mechanism as Shiga toxin. However, they are secreted in different ways. The cytotoxicity of Stx1 was almost completely cell associated, whereas most of the cytotoxicity of Stx2 was found in the extracellular fraction (30) . The different distributions of the two toxins are due to the different translation across the outer membrane in EHEC because Stx1 is located in the periplasm fraction of the bacterial cells (38) . Moreover, Weinstein et al. previously found that the B subunit dictated the cytotoxic localization of the toxin within bacterial cells (36) . These results suggested that the B subunit of Stx2 was recognized by the Stx2 secretion system in EHEC.
A study of Vibrio cholerae demonstrated that the B pentamer of the cholera toxin (CT), which is very similar in structure to Shiga toxins, is formed in the periplasm before its secretion (11) . This observation suggested that AB 5 toxins, including CT and Shiga toxin, are translocated across the outer membrane in an assembled conformation. The principle upon which the AB 5 toxin recognition process is based remains unclear, but this process may rely on the presence of a secretion motif within the B subunit of holotoxins.
After Stx1 was characterized, the molecular structure of Stx2 was determined by X-ray crystallography (9, 29) , and four major differences between the structures of Stx1 and Stx2 were reported (9) . Any of these structural differences might account for the differences in the properties of secretion of the two toxins, but this too remains unclear at present.
This study aimed to identify the specific residue of the B subunit of Stx2 that is essential for Stx2 secretion in EHEC.
MATERIALS AND METHODS
Bacterial strains, plasmids, and oligonucleotides. The bacterial strains and plasmids used in this study are listed in Table 1 . The oligonucleotides used for this study are listed in Table S1 in the supplemental material.
Cell fractionation. EHEC was cultured in LB broth at 37°C for 12 h. Cells were pelleted by centrifugation at 10,000 ϫ g for 5 min, and the supernatant obtained was used as the supernatant fraction. The pellet was suspended in an equal volume of ice-cold phosphate-buffered saline (PBS) (pH 7.2) and sonicated for 30 s on ice. After sonication, the cell homogenate was centrifuged at 10,000 ϫ g for 5 min, and the supernatant obtained was used as the cell-associated fraction. The protein concentration of the cell-associated fraction was determined according to the Bradford method (Bio-Rad, Richmond, CA). For low-level overexpression of the B subunit in transformed EHEC strain 86-24, ampicillin and IPTG (isopropyl-␤-D-thiogalactopyranoside) were used at 50 g/ml and 1 M, respectively. The transformed EHEC strain K47 was cultured in LB broth containing 50 g/ml of ampicillin.
SDS-PAGE and immunoblotting. Samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred onto polyvinylidene difluoride membranes. The membranes were incubated in anti-VT1 antiserum, anti-VT2 antiserum, and/or anti-His tag antibody, followed by horseradish peroxidase (HRP)-conjugated anti-rabbit immunoglobulin G (IgG) and/or HRP-conjugated anti-mouse IgG. Antibody-antigen complexes were detected using the ECL detection kit (Amersham Biosciences K.K., Tokyo, Japan) by the LAS-1000 luminescent image analyzer (Fujifilm, Tokyo, Japan). The bands corresponding to the A subunit of Stx2 and histidinetagged StxB were quantified by Image Gauge software (Fujifilm, Tokyo, Japan).
Gb 3 receptor ELISA. Porcine erythrocyte Gb 3 (Wako, Osaka, Japan) was coated onto microtiter plate wells (C96 Maxisorp, Nunc-immuno plate; Nalge Nunc International, Rochester, NY) by evaporation from an ethanolic solution. A 100-l aliquot of ethanolic Gb 3 (5 g/ml) was added per microtiter plate well in triplicate, and the ethanol was allowed to evaporate at room temperature for 6 h. Each well was blocked with 200 l of 0.2% (wt/vol) bovine serum albumin (BSA) in PBS (BSA-PBS) for 6 h and washed twice with 200 l/well BSA-PBS. Dilutions of standard Shiga toxins were prepared in BSA-PBS. The solution was dispensed into the wells and incubated overnight at 4°C. The wells were emptied and washed three times (1 min each) with 200 l of BSA-PBS. One hundred microliters of diluted rabbit antiserum against Stx1 or antiserum against Stx2 in BSA-PBS was then added to the wells for 1 h at room temperature. The wells were washed as described above, and diluted HRP-conjugated anti-rabbit IgG in BSA-PBS was added to the wells for 1 h at room temperature. The substrate 2,2Ј-azinobis(3-ethylbenzthiazoline-6-sulfonic)diammonium salt (ABTS) was dissolved in 0.1 M citric acid (pH 4.35) at 0.3 mg/ml. A volume of 7 l of 30% H 2 O 2 was added per 8 ml of solution. The wells were emptied and washed three times with 200 l of BSA-PBS for 3 min each. Finally, the wells were washed once with PBS, and 100 l/well of ABTS solution was added to the plate, which was then shaken gently and placed in the dark. After sufficient color had developed (usually 20 to 40 min), the absorbance of each well at 415 nm was determined by using an enzyme-linked immunosorbent assay (ELISA) plate reader. Plasmid construction of chimeric StxB-H. To construct plasmids expressing histidine-tagged StxB1 (StxB1-H) and histidine-tagged StxB2 (StxB2-H), in which six histidine residues were added at the carboxyl termini, a two-step PCR-based strategy was adopted. The StxB1 gene and the 3Ј noncoding region of the StxB1 gene were amplified by PCR from the genomic DNA of EHEC strain TS26 using the primer sets P301 and P309 and P310 and P304, respectively. The resulting fragment mixture was used as the template for reamplification using P301 and P304. The StxB2 gene and the 3Ј noncoding region of the StxB2 gene were amplified by PCR from the genomic DNA of EHEC strain 86-24 using the primer sets P305 and P311 and P312 and P308, respectively. The resulting fragment mixture was used as the template for reamplification using P305 and P308. Each DNA fragment was cleaved with NcoI and EcoRI, and the cleaved fragments were inserted into these sites in pTrcHis2A to yield pi-1, expressing StxB1, and piii-1, expressing StxB2. These plasmids were cleaved with SalI and were then self-ligated to yield piS-3, expressing StxB1-H, and piiiS-1, expressing StxB2-H. Sequences derived by PCR were verified by dideoxy sequencing (ABI).
PCR fragments containing different portions of StxB1 or StxB2 were introduced into the appropriate site of StxB1-H or StxB2-H by two-step PCR in order to create in-frame translational fusions between StxB1 and StxB2 (see Table S2 in the supplemental material). Each DNA fragment was cleaved with NcoI and SalI, and each fragment was inserted into these sites in pTrcHis2A. Sequences derived by PCR were verified by dideoxy sequencing (ABI).
Purification of chimeric StxB2-H. The plasmids were transformed into E. coli BL21. To purify toxins from these strains, a 1-liter culture was grown at 30°C to an approximate optical density (600 nm) of 0.5. One milliliter of 1 M IPTG solution was added, and the culture was incubated for 3 h at 30°C. Cells were pelleted by centrifugation, resuspended in 12 ml of PBS, and sonicated on ice. Cellular debris was removed by centrifugation at 12,000 ϫ g for 30 min. The supernatant was separated by affinity chromatography using a Ni 2ϩ -loaded HiTrap Chelating HP column (1-ml column; Amersham Biosciences K.K., Tokyo, Japan) equilibrated with PBS, and chimeric StxB-H was eluted by a 0 to 0.5 M gradient of imidazole. The peak fractions of chimeric StxB-H were dialyzed against PBS, concentrated, and finally stored at Ϫ80°C. The protein concentration of each toxin was determined by the Bradford method using a protein assay reagent (Bio-Rad, Richmond, CA).
Gel filtration. The purified chimeric StxB2-H was loaded onto a TSK-G3000SW column (Tosoh Corporation, Tokyo, Japan) at a flow rate of 0.8 ml/min in PBS, and elution was measured by the absorbance at 280 nm. The molecular mass standards were purchased from Sigma (St. Louis, MO).
Plasmid construction and purification of mutant holotoxins. The operons encoding Stx1 and Stx2 were amplified by PCR from the genomic DNA of EHEC strains TS26 and 86-24 using the primer sets P320 and P304 and P319 and P375, and these fragments were cloned by the ligation of the NcoI-EcoRI fragment into pTrcHis2A to generate plasmids pStx1-4 and p2AKH-2, respectively.
To construct the operons encoding the mutant Stx1 (B subunit, N32S) and the mutant Stx2 (B subunit, S31N), a two-step PCR-based strategy was adopted (see Table S2 in the supplemental material). Each DNA fragment was cleaved with NcoI and EcoRI, and each cleaved fragment was inserted into the appropriate site in pTrcHis2A. Sequences derived by PCR were verified by dideoxy sequencing (ABI).
The plasmids were transformed on E. coli BL21 cells. To purify toxins from these strains, a 1-liter culture was grown at 30°C to an approximate optical density at 600 nm of 0.5. A 100-l aliquot of 1 M IPTG solution was added to the cell culture, which was incubated for 3 h at 30°C. The cells were pelleted by centrifugation and resuspended in 12 ml of PBS in E. coli BL21(pStx1-4) and E. coli BL21(pStx1N32S-1) or 20 mM Tris-HCl (pH 8.6) in E. coli BL21(p2AKH-2) and E. coli BL21(pStx2S31N-22). The samples were then sonicated on ice to release the membrane-bound toxin. Cellular debris was removed by centrifugation at 12,000 ϫ g for 30 min.
The supernatant from E. coli BL21(pStx1-4) or E. coli BL21(pStx1N32S-1) was separated by affinity chromatography using a Gpro column (19) equilibrated with PBS, and the toxins were eluted with 4.5 M MgCl 2 solution. Fractions that reacted against anti-Stx1 antiserum were dialyzed against PBS and concentrated. These fractions were separated by gel filtration chromatography using a Superose 12 column (Amersham Biosciences K.K., Tokyo, Japan) equilibrated with PBS. The peaks of Stx1 or mutant Stx1 (B subunit, N32S) were pooled and concentrated, and the samples were stored at Ϫ80°C.
The supernatants from E. coli BL21(p2AKH-2) or E. coli BL21(pStx2S31N-22) were separated by anion-exchange chromatography using a HiTrap Q HP column (two 5-ml columns connected in tandem; Amersham Biosciences K.K., Tokyo, Japan) equilibrated with 20 mM Tris-HCl (pH 8.6), and the toxins were eluted with a 0 to 1 M gradient of NaCl. Fractions that reacted against anti-Stx2 antiserum were dialyzed against 20 mM Tris-HCl (pH 8.6) and separated by anion-exchange chromatography using a RESOURCE Q column (1-ml column; Amersham Biosciences K.K., Tokyo, Japan) equilibrated with 20 mM Tris-HCl (pH 8.6), and the toxins were eluted with a 0 to 0.2 M gradient of NaCl. Fractions that reacted against anti-Stx2 antiserum were dialyzed against 20 mM Tris-HCl (pH 7.5) and separated by chromatofocusing chromatography using a Mono P column (Amersham Biosciences K.K., Tokyo, Japan) equilibrated with 25 mM histidine-HCl (pH 6.2), and the toxins were eluted with polybuffer 74-HCl (pH 4.0, 1:8; Amersham Biosciences K.K., Tokyo, Japan). Reacted fractions were separated once again under the same conditions. The chromatofocusing peaks of Stx2 or mutant Stx2 (B subunit, S31N) were pooled, and a final gel filtration step was carried out using a Superose 12 column. The peaks of Stx2 or mutant Stx2 (B subunit, S31N) were pooled and concentrated, and the samples were stored at Ϫ80°C. The protein concentration of each toxin was determined according to the Bradford method (Bio-Rad, Richmond, CA).
Construction of a single amino acid replacement mutant. E. coli O157:H7 EDL933 (24) was the prototype for the construction of isogenic mutant strains. To obtain a selectable marker for conjugation, a spontaneously occurring nalidixic acid-resistant mutant of this organism (designated EDLN) was isolated from an LB agar plate containing nalidixic acid (20 mg/liter) onto which the centrifuged bacterial contents of 1 ml of an LB broth culture of E. coli O157:H7 EDL933 grown overnight were spread. The distribution of Stx1 and Stx2 in EHEC EDLN was identical to that in EHEC EDL933.
The plasmids pStx1(N32S)-1 and pStx2(S31N)-22 were digested with NcoI and EcoRI, and the DNA fragments were then blunted. The DNA fragments containing mutant Stx1 (B subunit, N32S) and Stx2 (B subunit, S31N) genes were inserted into the SmaI site in pWM91 (18) to generate plasmids pWN32S-20 and pWS31N-2, respectively, using E. coli DH5␣pir (6). The plasmids were electroporated into E. coli S17-1pir (27) . Matings were carried out by patch mating as described elsewhere previously (35) . The entire bacterial lawn from each plate was suspended in PBS and diluted 10-fold to 10 Ϫ4 . A 100-l aliquot of each dilution was spread onto an LB agar plate containing ampicillin (25 g/ml) and nalidixic acid (20 g/ml). Nalidixic acid-resistant and ampicillin-resistant colonies, representing potential EHEC EDLN exoconjugants, were picked and streaked onto an LB agar plate for single-colony isolation. Bacterial colonies were tested by PCR for the amplification of the Stx1 or Stx2 gene. An exoconjugant was grown in LB broth overnight at 37°C. Five 10-fold dilutions were spread out onto tryptic soy agar-20% sucrose agar plates and incubated at room temperature for 36 to 48 h. Colonies growing on the plates were picked and streaked onto LB agar plates for single-colony isolation. Colonies were tested for their sensitivity to ampicillin. The ampicillin-sensitive and sucrose-resistant colonies were further tested; one copy of the mutated toxin genes was left behind for PCR amplification of a DNA fragment of the mutant Stx1 (B subunit, N32S) or mutant Stx2 (B subunit, S31N) gene using primer sets P320 and P449 and P319 and P450, respectively. Finally, sequences of the holotoxin genes on the chromosomes of PCR-positive strains were verified by dideoxy sequencing (ABI).
Antibodies. Polyclonal antisera for Stx1 and Stx2 were prepared as described previously (21, 39) . The anti-Stx1 and anti-Stx2 antisera reacted primarily with the A subunits of Stx1 and Stx2 and hardly reacted with the B subunit of these proteins, respectively, as determined by immunoblotting. Anti-His tag antibody (27E8, a mouse monoclonal antibody) was obtained from Cell Signaling Technology, Inc. (Danvers, MA).
Mouse lethality studies. Eight groups of 4-week-old ddY male mice (five mice per group) were injected intraperitoneally with various dilutions (5 g to 300 pg) of purified holotoxins in sterile PBS (0.5 ml/mouse). The numbers of deaths were recorded twice daily, and the lethal dose corresponding to 50% mortality (LD 50 ) was calculated by probit analysis (8) .
lularly, as determined by immunoblotting (Fig. 1) . EHEC strain EDL933, which produces both Stx1 and Stx2, was cultured in LB broth and was found to produce Stx1 proteins that were exclusively cell associated as well as Stx2 proteins that were extracellular, as determined by immunoblotting (Fig. 1) . These results were consistent with those of a previous study (30) .
To confirm the generality of Stx2 secretion in EHEC, we measured the distribution of Stx1 and Stx2 in 53 additional EHEC strains (21 Stx1-and Stx2-producing, 17 Stx1-producing, and 15 Stx2-producing strains) by Gb 3 ELISA (Table 2 ). In Stx1-and Stx2-producing EHEC, approximately 88% of the total Stx2 production was located in the culture supernatant, and Stx1 was exclusively cell associated (average supernatant/ total production of 8%). Similarly, in Stx2-producing EHEC strains, approximately 84% of the total Stx2 production was located in the culture supernatant. In 16 Stx1-producing EHEC strains, Stx1 was exclusively cell associated (average supernatant/total production of 4%). However, one Stx1-producing strain (EHEC K23) secreted Stx1 (supernatant/total production of 75%). Therefore, in general, Stx2 was predominantly extracellular, whereas Stx1 was mostly cell associated in EHEC strains.
It is known that S. dysenteriae type 1 produces Shiga toxin, which is identical to Stx1 from EHEC (33) . To determine the distribution of Shiga toxin in 15 Shigella dysenteriae type 1 strains, we assessed the distribution of Shiga toxin by Gb 3 ELISA (Table 2) . We detected approximately 15% of the total production of Shiga toxin in the culture supernatant. This result indicates that Shiga toxin, as well as Stx1, is secreted in only low amounts in S. dysenteriae type 1.
Effects of overexpressed histidine-tagged StxB in EHEC.
The localization of overexpressed Shiga toxins in E. coli K-12 was dictated by the type of B subunit (36) . However, the mechanism by which Stx2 was specifically exported in EHEC has not yet been determined. In order to understand the mechanism of Stx2 secretion by EHEC, we have analyzed the secretion of Stx2 in EHEC strain 86-24, which produces Stx2, by generating histidine-tagged StxB1 (StxB1-H) or histidinetagged StxB2 (StxB2-H) under low-expression conditions. Unlike the expression of the StxB1 subunits, that of the StxB2 subunit has been more challenging (1) . Since the 5Ј noncoding regions of StxB2 differed from those of StxB1, we speculated that the difference in expression between the StxB1 and StxB2 subunits might take place at the translational step involved in mRNA ribosome binding. Following this line of reasoning, we discovered that interchanging the ribosomal binding regions of StxB1 and StxB2 resolved the StxB2 expression problem.
These strains were analyzed in terms of the distribution of exogenous StxB1-H or StxB2-H as well as in terms of endogenous Stx2. Although neither StxB1-H nor StxB2-H was secreted in StxB-H-overexpressed EHEC 86-24, StxB2-H-overexpressed EHEC 86-24 showed inhibited Stx2 secretion and an increase in the level of total Stx2 expression (Fig. 1) . On the other hand, StxB1-H-overexpressed EHEC 86-24 did not show any alteration of Stx2 secretion and expression (Fig. 1) . These results indicated that the overexpression of StxB2-H specifically affects the system of Stx2 secretion and expression in EHEC.
Identification of the StxB2 residue essential for the inhibition of Stx2 secretion. To identify the specific region of StxB2 that is essential for the inhibition of Stx2 secretion, we constructed a B-subunit chimera gene using Stx1 and Stx2. The B-subunit monomers of Stx1 and Stx2 contain 69 and 70 residues, respectively, and they have typical oligomer-binding folds that consist of a six-stranded antiparallel ␤-barrel capped by an ␣-helix (9, 29) . Regions selected for the replacements corresponded to the secondary structure units of StxB1 and StxB2. The various histidine-tagged chimeras of the StxB1 subunits were generated by a two-step PCR-based strategy consisting of StxB2 replacements within residues 1 to 9 (region A), 10 to 22 (Fig. 2) . We analyzed the distribution of exogenous chimeric StxB1-H and endogenous Stx2 in EHEC strain 86-24 by generating histidine-tagged chimeras of StxB under low-expression conditions. The generation of chimeric StxB1-H in EHEC strain 86-24 did not alter the distribution of Stx2 (Fig. 2) . However, expressed StxB1-H (region D) was partially secreted in EHEC strain 86-24 (Fig. 2) . This suggested that region D of StxB2 includes the specific residue(s) related to Stx2 secretion in EHEC. StxB1 and StxB2 shared three different residues in region D. To identify the StxB2 residues in region D that are related to Stx2 secretion in EHEC 86-24, we generated point-mutated StxB1-H to investigate the effects of the replacement of the tyrosine 28 residue, the tryptophan 29 residue, or the serine 32 residue in region D of StxB2. Single mutations of the leucine 29 residue to a tyrosine residue (L29Y) or of the phenylalanine 30 residue to a tryptophan residue (F30W) of StxB1-H did not exhibit any changes in the distribution of the histidine-tagged B subunit in any of the point-mutated StxB1-H-overexpressed EHEC 86-24 isolates (Fig. 3) . However, single-mutant StxB1-H (asparagine 32 residue to a serine residue [N32S])-overexpressed EHEC strain 86-24 showed partially secreted StxB1-H(N32S) (Fig. 3) .
On the other hand, when the serine 31 residue of StxB2-H was replaced with an asparagine residue, StxB2-H (S31N) showed a loss of Stx2 secretion inhibition (Fig. 3) . As a control, in StxB2-H, the tyrosine 28 residue was exchanged for a leucine (Y28L) or the tryptophan 29 residue was exchanged for a phenylalanine (W29F), and the inhibitory activity against Stx2 secretion was retained even with low expression levels (Fig. 3) . These results indicate that the serine 31 residue of StxB2 is an essential component for Stx2 secretion inhibition in EHEC.
The B-subunit structure of Stx2 is a pentamer in which each monomer comprises two three-stranded antiparallel ␤-sheets and an ␣-helix (Fig. 4) . The fold is very similar to that of Stx1 (9) . The serine 31 residues of the B-subunit monomer of Stx2 are exposed on the Gb 3 -binding surface of the B pentamer (Fig. 4) . The serine 31 residue of the B subunit is located on the carboxyl-terminal end of the first three-stranded ␤-sheets. A side chain of the serine 31 residues of the B-subunit monomer of Stx2 as well as a side chain of the asparagine 32 residues of the B-subunit monomer of Stx1 are both toward the Gb 3 -binding surface of the B pentamer. In the Stx2 structure, the A subunit is located on the face opposite the Gb 3 -binding site shown in Fig. 4B .
We found that expressed StxB2-H (regions A and B), consisting of StxB2 replacements in combination with regions A and B of StxB1, which contained the serine 31 residue of the B subunit, did not show inhibited Stx2 secretion in EHEC 86-24 (Fig. 5A) . Gel filtration analysis revealed that StxB2-H (regions A and B) had not formed a B-subunit pentamer (Fig.   FIG. 2 . Effect of chimeric StxB1-H on Stx2 secretion in EHEC 86-24. Each 2 g of protein of the cell-associated fraction (P) and an equal volume of the supernatant fraction (S) were analyzed by SDS-PAGE and immunoblotting using a mixture of anti-Stx2 antiserum and anti-His tag antibody. Values represent the ratios of StxA2 protein levels to the cell-associated fraction in the supernatant fraction (upper) and the ratios of StxB-H protein levels to the supernatant fraction in the cell-associated fraction (lower).
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). This result suggested that the B-subunit pentamer is necessary for the inhibition of Stx2 secretion in EHEC. Change in the distribution of mutant holotoxins. Hence, it appears likely that this serine residue (i.e., serine 31) contains secretion-related information for Stx2 secretion in EHEC. To further investigate this hypothesis, we constructed isogenic mutant strains, EHEC N20-8 (StxB1 subunit, N32S) and EHEC N1-12 (StxB2 subunit, S31N), from EHEC EDL933, which produced both Stx1 and Stx2. EHEC strains EDLN, N20-8, and N1-12 were cultured in LB broth, and samples at various growth phases were analyzed by immunoblotting (Fig. 6) . EHEC EDLN was found to produce the StxA1 proteins that were exclusively cell associated and the StxA2 proteins that were extracellular at the stationary phase (10 h). However, time course analysis revealed that the expression patterns differed between Stx1 and Stx2 in EHEC EDLN (Fig. 6) . Although the StxA1 protein was detected at the mid-log phase in EHEC EDLN by immunoblotting, the StxA2 protein was detected from the late log phase (Fig. 6) . Moreover, the system for Stx2 secretion may be expressed in EHEC EDLN at the stationary phase, because the StxA2 protein in the supernatant fraction was found at the stationary phase in EHEC EDLN (Fig. 6) .
Isogenic mutant EHEC strain N1-12 was found to produce both the StxA1 and StxA2 proteins that were exclusively cell associated at the stationary phase (10 h). This result indicated that the serine 31 residue of the B subunit of Stx2 is essential for Stx2 secretion in EHEC. However, isogenic mutant EHEC strain N20-8 was not found to produce the StxA1 proteins that were extracellular in EHEC. This result indicated that the alteration of the asparagine 32 residue to a serine residue in the B subunit of Stx1 did not suffice for the secretion of mutant Stx1 in both Stx1-and Stx2-producing EHEC strains.
Therefore, to confirm whether or not overexpressed mutant Stx1 protein using the expression vector was secreted in EHEC, we constructed plasmids for the expression of mutant Stx1 (B subunit, N32S) and mutant Stx2 (B subunit, S31N). These plasmids were transformed into EHEC K47, which retained the stx 2 gene, but no Stx2 protein was detected by immunoblotting (Fig. 7) . Expressed Stx1 was found in the cell-associated fraction, and expressed Stx2 was found in the supernatant in each gene-transformed EHEC K47 strain, when maintained under low-expression conditions (Fig. 7) . On the other hand, using E. coli BL21 as a host strain, both Stx1 and Stx2 were distributed in the cell-associated fraction (data not shown). This result indicates that E. coli BL21 did not possess a system for Stx2 secretion. However, mutant Stx1 (B subunit, N32S) was found in the supernatant, and mutant Stx2 (B subunit, S31N) was found in the cell-associated fraction in transformed EHEC K47 under low-expression conditions (Fig. 7) . These results indicate that the serine 31 residue of the B subunit of Stx2 is also necessary for the secretion of Stx2 in holotoxin gene-transformed EHEC; moreover, the alteration of the asparagine 32 residue to a serine residue in the B subunit of Stx1 induced the secretion of mutant Stx1 in holotoxin gene-transformed EHEC. These results suggested that Stx1 potentially possesses secretable properties, as it lacks one piece of secretion-related information in holotoxin gene-transformed EHEC.
FIG. 3. Effect of point-mutated
StxB-H on Stx2 secretion in EHEC 86-24. Each 2 g of protein of the cell-associated fraction (P) and an equal volume of the supernatant fraction (S) were analyzed by SDS-PAGE and immunoblotting using a mixture of anti-Stx2 antiserum and anti-His tag antibody. Values represent the ratios of StxA2 protein levels to the cell-associated fraction in the supernatant fraction (upper) and the ratios of StxB-H protein levels to the supernatant fraction in the cell-associated fraction (lower).
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Analysis of binding affinity and toxicity of mutant holotoxins. The binding affinity of Stx2 for immobilized Gb 3 was approximately 10-fold lower than that of Stx1 (32) . To confirm the relationship between secretion property and binding affinity of Shiga toxins, the binding of mutant holotoxins to immobilized Gb 3 was determined by Gb 3 ELISA using anti-Stx1 or anti-Stx2 antiserum. The affinity of mutant Stx1 (B subunit, N32S) was almost identical to that of Stx1 (Fig. 8) . In the same way, the affinity of mutant Stx2 (B subunit, S31N) was almost identical to that of Stx2 (Fig. 8) . These results indicated that there were no differences in the affinity for Gb 3 between Stx1 and mutant Stx1 (B subunit, N32S) or between Stx2 and mutant Stx2 (B subunit, S31N).
Tesh et al. previously demonstrated that Stx2 had an approximately 400-fold-lower LD 50 for mice than did Stx1 (32) . Therefore, to clarify the relationship between secretion property and toxicity of Shiga toxins, we examined the LD 50 of mutant holotoxins in mice. Groups of five mice were injected intraperitoneally with various dilutions of purified holotoxins. The LD 50 of Stx1 and that of mutant Stx1 (B subunit, N32S) were 450 ng and 240 ng, respectively (Table 3) . On the other hand, the LD 50 of Stx2 and that of mutant Stx2 (B subunit, S31N) were 3.8 ng and 1.4 ng, respectively (Table 3 ). These results indicated that there were no differences in mouse lethality between Stx1 and mutant Stx1 (B subunit, N32S) or between Stx2 and mutant Stx2 (B subunit, S31N) . Therefore, the secretion property of Shiga toxins was not related to affinity and toxicity.
DISCUSSION
Although its structure is highly homologous with that of Stx2, Stx1 tended not to be secreted in EHEC when the host strain was grown in LB broth. All 15 S. dysenteriae type 1 strains examined also rarely secreted Shiga toxin under LB broth conditions. Secreted proteins present in the supernatant fluid of EHEC have been shown to depend on the growth medium used (5). However, when Stx1-producing EHEC strain K24 was grown in serum-free tissue culture medium (minimal essential medium) and M9 medium, Stx1 was not detected in the supernatant fraction (data not shown). These results indicated that the system for Stx1 secretion was not present in EHEC strain K24 under LB medium, minimal essential medium, or M9 medium growth conditions.
The three-dimensional structure of Stx2 was similar to that of CT (9, 28, 29, 40) . It was previously reported that CT was secreted by a type II secretion system in V. cholerae (26) . Although the failure to identify a protein secretory pathway in enterotoxigenic E. coli (ETEC) for heat-labile enterotoxin (LT), which is immunologically, structurally, and functionally similar to CT, fostered the view that ETEC strains release LT only when the bacteria undergo lysis (34), Tauschek et al. recently reported the identification of a type II secretion pathway for LT secretion in ETEC (31) . Therefore, in contrast to Stx1 and Shiga toxin, there is a system for LT secretion in ETEC.
Although EHEC 86-24 was shown to secrete Stx2, EHEC 86-24 did not secrete StxB2-H, in which six histidine residues were added at the carboxyl termini (Fig. 1) . Moreover, EHEC K47, which expressed no Stx2 protein, also did not secrete StxB2-H (data not shown). The carboxyl termini of the Bsubunit monomer were located near a central pore along the five-fold axis close to an adjacent A subunit (Fig. 4) . These results suggest that the conformation of the holotoxin might be important for the secretion of Stx2. However, instead of the inhibition of Stx2 secretion, the overexpressed StxB1-H(N32S) was partially secreted in EHEC 86-24 and EHEC K47 (Fig. 3 and data not shown). These results suggested that the pentamer of StxB1-H(N32S), without the A subunit, was secreted in EHEC. The immunoreactivity of native StxB1-H against anti- His tag antibody (27E8) was largely different from that of native StxB2-H by ELISA (data not shown). This suggests that StxB1-H and StxB2-H differ in the local structure and/or orientation of carboxyl termini. These results are consistent with the previous finding that the orientation of the A subunit with respect to the B pentamer differs in both holotoxins (9) . Therefore, the different effects of expressed histidine-tagged B subunits in EHEC might be caused by the difference in the local structure and/or orientation of carboxyl termini of StxB1-H and StxB2-H. The overexpression of StxB2-H in EHEC 86-24 led to the inhibition of Stx2 secretion. Moreover, the overexpression of StxB1-H affected the secretion in EHEC K23, which secreted Stx1 (data not shown). These results suggest that the hypothetical regulatory molecule(s) of the secretion system for Stx2 secretion in EHEC 86-24 specifically interacts with the B sub- StxB2 subunit, S31N) . EHEC strains were fractionated into a supernatant fraction and a cell-associated fraction at mid-log phase (4 h), late log phase (6 h), early stationary phase (8 h), and stationary phase (10 h). Each 2 g of protein of the cell-associated fraction (P) and an equal volume of the supernatant fraction (S) were analyzed by SDS-PAGE and immunoblotting using a mixture of anti-Stx1 and anti-Stx2 antisera. However, it remains unclear how StxB2-H specifically inhibits Stx2 secretion, and the regulatory molecules required for the secretion of Stx2 in EHEC also remain unknown. The overexpression of StxB1-H in EHEC had no effect on the distribution of endogenous Stx2. We confirmed by gel filtration that StxB1-H and StxB2-H each form a pentamer and show binding activity against immobilized Gb 3 , as determined by Gb 3 ELISA (data not shown). Therefore, differences in the secretion system between StxB1-H and StxB2-H were not found to be related to the assembly and binding activity of the B subunit.
StxB2-H (regions A and B), which contained the serine 31 residue of the B subunit, did not show any changes in the distribution of Stx2 in EHEC and did not form a B-subunit pentamer (Fig. 5) . These results suggest that interaction between the B subunit and the hypothetical regulatory molecule(s) of the secretion system is necessary for the assembly of the B subunit. Information for the secretion of CT has been shown to reside in the B-subunit pentamer, as the expression of B subunits in the absence of the A subunit results in their assembly into pentamers in the periplasm followed by secretion across the outer membrane of V. cholerae (12) . In this case, however, there were unsuccessful attempts to identify the targeting signal in the B pentamer by the construction of fusion proteins between a portion of the B subunit and either betalactamase or alkaline phosphatase (25) . This lack of success was due apparently to the inability of the fusion proteins to form pentamers; this supports the hypothesis that the assembly of the B subunit into a pentameric structure is a prerequisite for the interaction between the B subunit and the secretion machinery in AB 5 toxins. In this study, it became clear that the alteration of the serine 31 residue to an asparagine residue in the B subunit of Stx2   FIG. 7 . Distribution of point-mutated holotoxins in EHEC K47. EHEC strain K47 strain retained the stx 2 gene, but no Stx2 protein was detected by immunoblotting. EHEC K47 harboring the stx gene was fractionated into supernatant (S) and cell-associated (P) fractions. The samples were analyzed by SDS-PAGE and immunoblotting using antiStx1 or anti-Stx2 antiserum. leads to the inhibition of mutant Stx2 secretion in EHEC (Fig.  6 and 7) . Four major structural differences between Stx1 and Stx2 were found by X-ray crystallography (9, 29) . However, the serine 31 residue of the B subunit of Stx2 was not present in four regions that were found to differ structurally between Stx1 and Stx2. Therefore, the difference in a side chain between the serine and asparagine residues may be important for the secretion of Shiga toxins. One piece of secretion-related information for Stx2 secretion in EHEC was the serine 31 residue of the B subunit, which was exposed on the Gb 3 -binding surface (9) . Therefore, the putative hypothetical regulatory molecule(s) of the system for Stx2 secretion in EHEC may specifically interact with the Gb 3 -binding surface of the assembled B subunits of Stx2. However, the mechanism by which Shiga toxins undergo recognition remains unclear.
Although the overexpressed mutant Stx1 (B subunit, N32S) was secreted in holotoxin gene-transformed EHEC K47, the isogenic mutant EHEC strain N20-8, which produced mutant Stx1 (B subunit, N32S) and Stx2, did not secrete mutant Stx1 (B subunit, N32S) at any growth phase (Fig. 6) . One possible reason for this is that the expression patterns between mutant Stx1 and Stx2 are different in EHEC. The machinery for Stx2 secretion might not be expressed in EHEC at the log phase. Another possibility is that mutant Stx1 (B subunit, N32S) interacts with the machinery for Stx2 secretion in EHEC but that the affinity of mutant Stx1 for the secretion machinery in EHEC is lower than that of Stx2. It seems that the efficiency of Stx2 secretion in EHEC N20-8 is lower than that in EHEC EDLN (Fig. 6) .
It was reported previously that the phenylalanine 30 residue of the B subunit of Stx1 (i.e., the counterpart of the tryptophan 29 residue of the Stx2 B subunit) on the Gb 3 -binding surface also plays an important role in receptor binding (4, 20) . Asparagine 32 and serine 31 of the B subunit of Stx1 and Stx2 were very close to phenylalanine 30 and tryptophan 29, respectively, in the B subunit on the same Gb 3 -binding surface. Since an alteration of the serine 31 residue to an asparagine residue in the B subunits of Stx2 or an alteration of the asparagine 32 residue to a serine residue in the B subunits of Stx1 did not dramatically alter the affinity of the holotoxins for Gb 3 , the Gb 3 binding sites might not be directly involved with the asparagine 32 and serine 31 residues of the B subunits of Stx1 and Stx2, respectively.
It was previously determined that a single tryptophan residue is important for aerolysine secretion by Aeromonas salmonicida as well as for the secretion of Erwinia chrysanthemi Cel5 cellulase (3, 37) . Those two studies suggested that tryptophan residues might be part of the secretion motif of secretion proteins. However, in the present study, the secretion motif of Stx2 did not include tryptophan residues, and the serine residue appeared to contain secretion-related information for both Stx1 and Stx2. However, there is a tryptophan residue at position 33, near the serine 31 residue, in the B subunit of Stx2. Since this tryptophan 33 residue was also exposed on the Gb 3 -binding surface, this residue of StxB2 may also participate in the secretion motif of Stx2.
Epidemiological studies have indicated that EHEC strains producing Stx2 are more commonly associated with serious human disease, such as HUS, than are strains producing Stx1 (16, 23) . The link between Stx2 production and HUS may be a direct consequence of the increased in vivo toxicity of Stx2, one possible explanation for which could be that the levels of production and secretion of Stx2 in vivo are also higher than those of Stx1. This pathway for Stx2 secretion likely plays a significant role in EHEC pathogenicity.
